Medulloblastoma (Med) is the most common malignant brain tumor in children. The role of ESR2 [estrogen receptor (ER)-␤] in promoting Med growth was comprehensively examined in three in vivo models and human cell lines. In a novel Med ER␤-null knockout model developed by crossing Esr2 Ϫ/Ϫ mice with cerebellar granule cell precursor specific Ptch1 conditional knockout mice, the tumor growth rate was significantly decreased in males and females. The absence of Esr2 resulted in increased apoptosis, decreased B-cell lymphoma 2 (BCL2), and IGF-1 receptor (IGF1R) expression, and decreased levels of active MAPKs (ERK1/2) and protein kinase B (AKT). Treatment of Med in Ptch1 ϩ/Ϫ Trp53 Ϫ/Ϫ mice with the antiestrogen chemotherapeutic drug Faslodex significantly increased symptom-free survival, which was associated with increased apoptosis and decreased BCL2 and IGF1R expression and signaling. Similar effects were also observed in nude mice bearing D283Med xenografts. In vitro studies in human D283Med cells metabolically stressed by glutamine withdrawal found that 17␤-estradiol and the ER␤ selective agonist 2,3-bis(4-hydroxyphenyl)-propionitrile dose dependently protected Med cells from caspase-3-dependent cell death. Those effects were associated with increased phosphorylation of IGF1R, long-term increases in ERK1/2 and AKT signaling, and increased expression of IGF-1, IGF1R, and BCL2. Results of pharmacological experiments revealed that the cytoprotective actions of estradiol were dependent on ER␤ and IGF1R receptor tyrosine kinase activity and independent of ER␣ and G protein-coupled estrogen receptor 1 (G protein coupled receptor 30). The presented results demonstrate that estrogen promotes Med growth through ER␤-mediated increases in IGF1R expression and activity, which induce cytoprotective mechanisms that decrease apoptosis. (Endocrinology 156: 2395-2408, 2015)
tumor growth rate was significantly decreased in males and females. The absence of Esr2 resulted in increased apoptosis, decreased B-cell lymphoma 2 (BCL2), and IGF-1 receptor (IGF1R) expression, and decreased levels of active MAPKs (ERK1/2) and protein kinase B (AKT). Treatment of Med in Ptch1 ϩ/Ϫ Trp53 Ϫ/Ϫ mice with the antiestrogen chemotherapeutic drug Faslodex significantly increased symptom-free survival, which was associated with increased apoptosis and decreased BCL2 and IGF1R expression and signaling. Similar effects were also observed in nude mice bearing D283Med xenografts. In vitro studies in human D283Med cells metabolically stressed by glutamine withdrawal found that 17␤-estradiol and the ER␤ selective agonist 2,3-bis(4-hydroxyphenyl)-propionitrile dose dependently protected Med cells from caspase-3-dependent cell death. Those effects were associated with increased phosphorylation of IGF1R, long-term increases in ERK1/2 and AKT signaling, and increased expression of IGF-1, IGF1R, and BCL2. Results of pharmacological experiments revealed that the cytoprotective actions of estradiol were dependent on ER␤ and IGF1R receptor tyrosine kinase activity and independent of ER␣ and G protein-coupled estrogen receptor 1 (G protein coupled receptor 30) . The presented results demonstrate that estrogen promotes Med growth through ER␤-mediated increases in IGF1R expression and activity, which induce cytoprotective mechanisms that decrease apoptosis. (Endocrinology 156: 2395-2408, 2015) N eoplasms of the central nervous system (CNS) are the second most common childhood malignancy, accounting for greater than 16% of all childhood cancers (1) . Among these, the primitive neuroectodermal tumor medulloblastoma (Med) is the most common (1) . Fiveyear survival rates for Med patients are approximately 70% due to advances in the multimodal treatment using surgery, radiotherapy, and chemotherapy (2) . However, survivors often develop a debilitating spectrum of neurological, endocrine, and cognitive side effects that are primarily associated with the dose of radiation (3) (4) (5) . Along with increasing the cure rates for Med, there is a need for adjuvant therapies that further improve outcomes and decrease the adverse side-effects of treatment (6) .
Medulloblastoma most commonly arise from cerebellar granule cell precursors (GCPs) that have escaped ter-minal differentiation (7) . We previously demonstrated that like GCPs and mature granule cells, malignant Med cells express estrogen receptor (ER)-␤, and estrogen can regulate growth, viability, and migration in normal GCPs and Med cells (8 -10) . In the nude mouse xenograft model of Med used here, it was previously found that estrogen can increase growth rate of these human-derived tumors. The growth-promoting effects of estrogen in these human D283Med tumors were dependent on changes in estrogenresponsive gene expression, effects that were blocked by the antiestrogen chemotherapeutic drug Faslodex (8) . Those studies revealed for the first time that estrogens and the nuclear receptor activities of ER␤ played an important role in Med and established antiestrogen therapy as a potentially efficacious clinical treatment. Highlighting the need to understand in more detail the role of estrogen and ER␤ in Med, subsequent studies in a Ptch1 ϩ/Ϫ mouse model of Med found that ER␤ activity was associated with decreased Med tumor incidence induced by ionizing radiation (11) (12) (13) . Results from in vitro studies also suggested that inhibition of ER␤ activity in some Med cell lines may decrease sensitivity to cisplatin by enhancing Rad51-mediated DNA repair mechanisms (14) . The binding of 17␤-estradiol (E2) at intracellular and membrane-associated ERs regulates estrogen-responsive gene expression in estrogen-responsive cells. During critical developmental periods of cerebellar granule cell maturation, physiological concentrations of E2 regulate GCP mitogenesis and cell death through classical ER␤-dependent mechanisms and concomitant increases in rapid ERK1/2 signaling and protein phosphatase 2 activity (10, (15) (16) (17) . Classical ER-dependent mechanisms active in the nervous system also regulate the developmental and cytoprotective actions of IGF. Normal IGF signaling is critical during cerebellar development and treatment with IGF-1 can protect GCP from pathological cell death (18 -20) . The importance of IGF signaling in tumorigenesis and progression of Med and other CNS malignancies is also well established (21) (22) (23) . In transgenic models of Med, the disruption of the IGF and sonic hedgehog signaling pathways act synergistically to increase Med incidence (24) . In human Med, increased expression of IGF-1 receptor (IGF1R) and increased IGF signaling are associated with increased tumor growth and decreased apoptosis (21, 25) . Inhibition of IGF1R has also been shown to decrease Med growth and to increase sensitivity of Med cells to cytotoxic chemotherapeutics (26, 27) .
Although the role of ER␤ in estrogen-responsive cancers is controversial, an important role of ER␣ in carcinogenesis and progression of estrogen responsive tumors of the breast, prostate, and female reproductive tract is well established (28, 29) . For ER-positive breast cancer, the selective estrogen receptor modulator (SERM) tamoxifen is used clinically as the first-line treatment to block ER activity and inhibit breast tumor growth. The ER antagonist fulvestrant (Faslodex) is also used as an adjuvant therapy for treating advanced or metastatic breast cancer (30) . Although it is known that ER␣ promotes the growth of estrogen-dependent cancers, results from studies investigating the role of ER␤ in estrogen-responsive tumors from other tissues are less clear-cut, and the mechanisms underlying the reported differential effects of ER␤ remain unclear. As in normal estrogen-sensitive tissues, a variety of factors including whether ER␣ and ER␤ are coexpressed, the specific ER␤ isoforms expressed, and the subcellular localization of expressed receptors can influence the effects of estrogen in different responsive cancers (29, 31, 32) .
Interactions between classical ER-mediated mechanisms and the IGF-signaling pathway, a phenomena referred to as cross talk, have been established by studies demonstrating an interdependence between ER␣ transactivation and increased IGF/IGF1R activity in mediating the neuroprotective actions of estrogen in the brain (33, 34) . Estrogen induced increases in IGF signaling activity resulting from increased IGF1R expression in Med and cerebellar precursors are due to the autocrine and paracrine actions of the locally high levels of expressed ligands (eg, IGF1/2), which drive increases in downstream signaling activity (23) . The ability of ER␤ to mediate cross talk between estrogen and IGF1 signaling pathways in Med is unknown. Similarly, interactions between ER activity and IGF signaling in cerebellum have not been established. However, ER␤ and IGF1R expression is coordinately regulated in adult rat cerebellum, suggesting a link between ER␤-responsive gene expression and modulation of the IGF signaling pathway (35) .
The aim of the current study was to establish directly whether ER␤ promotes Med growth by increasing tumor cell proliferation and/or decreasing apoptosis and to examine whether the effects of E2 were mediated by cross talk between ER␤ and IGF signaling. To address these aims, an ER␤-null Med knockout model was developed by selectively crossing Esr2 Ϫ/Ϫ mice with a GCP-specific
Ptch1 conditional knockout mouse model of Med (36, 37) . The effect of Esr2 ablation on Med growth was evaluated by comparison of tumor growth rates in wild-type (WT) and Esr2 Ϫ/Ϫ knockout Med mice. Quantitative histological and immunohistochemical approaches were also used to assess the impact of Esr2 loss of function on tumor cell proliferation and apoptosis and assess the effects on IGF1R and B-cell lymphoma 2 (BCL2) expression. Impacts on cytoprotective MAPK and AKT signaling pathways were similarly assessed. Additional studies using a different knockout mouse model of Med (Ptch1
) and human Med xenografts were performed to investigate whether the effects of estrogen were generalizable across models and to establish the therapeutic efficacy of the antiestrogen drug Faslodex on tumor progression (38) . Cell culture-based studies using human D283Med cells were performed to further understand the mechanisms mediating the actions of estrogen in Med.
Materials and Methods

Steroids and pharmacological agents
Dimethylsulfoxide (DMSO) and E2 were from Sigma-Aldrich. Faslodex (Fulvestrant 500 mg injection) was from AstraZeneca. 
Animal procedures and tissue preparation
,
Ptch1
C/C Atoh1-cre, and Esr2
Atoh1-cre mice ( Figure 1A ). Genomic DNA isolated from tail biopsies was used to genotype pups as previously described (36, 37, 39, 40) . Ptch1 ϩ/Ϫ Trp53 Ϫ/Ϫ mice were randomly assigned to either the control or Faslodex treatment groups and received weekly 20-L im injections of castor oil vehicle or Faslodex (1 mg Fulvestrant injection; AstraZeneca) beginning on postnatal day (PND) 21. Mice were observed daily for abnormal gait, ataxia, or signs of intracranial pressure and cranial doming. At symptom onset, study animals were euthanized by CO 2 asphyxiation and perfused with 4% paraformaldehyde, and the whole brain was dissected and placed in 4% paraformaldehyde, which was renewed 24 hours later. WT and Esr2 Ϫ/Ϫ Ptch1 C/C Atoh1-cre mice were euthanized by CO 2 asphyxiation on PND45. After the euthanasia, all tumors were isolated, weighed, and fixed in 4% paraformaldehyde. Methods describing the generation, isolation, and initial characterization of the D283Med xenografts used for these studies was described previously (8) . Fixed tissues were washed several times in 70% ethanol prior to tissue processing and embedding in paraffin (Histocenter3; Thermo-Shandon). Microtome sections were cut at 5 m from blocks at 4°C.
Immunohistochemical analysis
Mounted sections were deparaffinized in xylene and rehydrated through graded ethanol into PBS (pH 7.4). Endogenous 
Sections in the top panels were immunostained with antiserum recognizing ER␤1 and ER␤2 (PA1-310B; 1 g/mL), and sections in bottom panel were stained for ER␣ (SC-542; 1 g/mL). Insets show control staining of Esr2
Ptch1
C/C Atoh1-cre tumor sections identically stained following incubation with normal serum and positive control ER␣ staining of mouse uterus. Scale bar, 50 m. C, The effect of ER␤ expression on the growth of Med in Ptch1 C/C Atoh1-cre Med males and female mice was assessed by determination of mean weights for tumors isolated from WT (Esr2 ϩ/ϩ ) and ER␤-knockout (Esr2 Ϫ/Ϫ ) on PND45. A 25% reduction in the mean tumor weight of the ER␤-null Med mice (413.9 Ϯ 79.4 mg; n ϭ 11) was observed. The weight of tumors from ER␤-knockout mice was significantly less than the weight of tumors in WT Med mice (551.9 Ϯ 84.3 mg; n ϭ 18). Significant differences between the mean weight of tumors from WT and ER␤-knockout mice was determined using a Student's t test (P ϭ .0002). D, The median symptom-free survival of untreated Ptch1 ϩ/Ϫ Trp53 Ϫ/Ϫ male Med mice that received weekly mock injections of castor oil vehicle beginning at PND21 was 35 days (n ϭ 10; blue hatched vertical line). Treatment with Faslodex significantly increased median symptom-free survival to 52 days (n ϭ 9; red hatched vertical line). Median symptom-free survival was statistically increased by Faslodex treatment (Mantel-Cox log rank test; P Ͻ .0001). Table 1 . Controls establishing specificity primary antisera were described previously (8 -10, 14, 16, 17) , and additional controls included replacement of primary antibodies with nonspecific serum and preincubation of the cleaved caspase-3 antibody with blocking peptide (1050; Cell Signaling). Mouse spleen or uterus was used as positive controls for cleaved caspase-3 and ER␣. Immunoreactivity was visualized with 0.05% 3Ј3-diaminobenzidine by the avidin-biotin peroxidase complex method (Vector Laboratories). Stained sections were counterstained in hematoxylin, dehydrated, and mounted in Permount (Fisher Scientific). Digital photomicrographs were collected using a Nikon Eclipse 55i microscope with a DS-Fi1 charge-coupled device camera and Digital Sight software (Nikon). Cell counts were scored by an investigator blinded to the treatment from 10 random ϫ40 fields from a single section of the tumor outside the tumors necrotic core. Apoptotic and mitotic index was expressed as number of positive cells divided by the total cell count multiplied by 100. Final photomicrograph graphics were generated and labeled using Adobe Photoshop.
Cell culture methods
All cell lines used were acquired directly from the American Type Culture Collection. Human D283Med cells (HTB-185, initially isolated from a 5 y old male) were maintained in suspension at a density of 0.5-1 ϫ 10 6 cells/mL in MEM with Earle's balanced salt solution. Human PFSK1 cells (CRL-2060), established from a cerebral CNS primitive neuroectodermal tumor (PNET) from a 22-month-old male were maintained at a confluence density of 20%-80% in RPMI 1640 with media renewed every 2-3 days. Culture media were supplemented with 10% fetal bovine serum or 10% charcoal-stripped fetal bovine serum (CSS), 100 U/mL penicillin, and 100 g/mL streptomycin, plus or minus L-glutamine as indicated (Fisher Scientific).
Viability and caspase-3 activity analysis
For viability analysis, D283Med cells were seeded at an initial density of 1.25 ϫ 10 5 cells/mL and PFSK1 cells at 300 cells/ mm 2 . At the 96-hour time point, cells were collected, stained with trypan blue, and viable (trypan blue excluding) cells counted with a hemocytometer. For caspase-3 activity analysis, D283Med cells were seeded at a density of 1 ϫ 10 6 cells/mL and PFSK1 cells were seeded at an initial density of 300 cells/mm 2 . At the 48-hour time point, cells were lysed in 20 mM Tris-HCl (pH 7.5) with 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100. Cell lysates were assayed for protein concentration using the BioRad D c protein assay (Bio-Rad Laboratories). Caspase-3 activity [picomoles of p-nitroaniline (pNA) per hour Ϫ1 per milligram of protein Ϫ1 ] was determined from a standard curve derived from known concentrations of pNA using 10 g of lysate and liberation of pNA from Ac-DEVD-pNA (Enzo Life Sciences). At 24, 48, 72, and 96 hours after the start of the L-glutamine withdrawal and treatment, the amount of 5-bromo-2Ј-deoxyuridine (BrdU) incorporated into the DNA was monitored using an ELISA-based approach (8, 10) .
Western blot analysis
After the indicated treatments, D283Med cells were pelleted and resuspended in lysis buffer [20 mM Tris-HCl (pH 7.5) with 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100] containing protease (Roche) and phosphatase (SigmaAldrich) inhibitors as previously described (41) . Proteins were fractionated in 12% Tris-HCl sodium dodecyl sulfate-polyacrylamide gels and electrotransferred to nitrocellulose membranes (LI-COR). Membranes were blocked with 5% nonfat dry milk and then incubated overnight at 4°C with primary antiserum (Supplemental Table 1 ). Washed blots were incubated at room temperature with 0.1 g/mL of goat antirabbit 800CW or 0.1 g/mL of goat antimouse 680RD secondary antibodies, and specific immunoreactivity was quantified using an Odyssey Clx scanner and Image Studio software (Li-Cor). Results were normalized to ␤-actin or total phosphor-independent antigens from the same membrane. The results from multiple experiments for each treatment condition and time point were reported as mean fold change relative to control.
Quantitative RT-PCR analysis
After 48-hour treatments, RNA was isolated from D283Med cells using the RNeasy kit (QIAGEN). RNA concentrations were measured (NanoDrop 2000; Thermo Scientific), and cDNA was generated using the high-capacity cDNA reverse transcription kit (Life Technologies). Quantitative PCR was performed using 10 ng of cDNA and gene-specific Taqman assays (Life Technologies). Relative expression of IGF1, IGF1R, IGF2, and BCL2 was analyzed using the ⌬⌬ cycle threshold method with normalization to 18S rRNA expression. Lactoferrin was used as a positive control estrogen-responsive gene.
Data and statistical analysis
Differences between control and treatment groups were analyzed with a Student's t test, Dunnett's multiple comparison test, or one-way ANOVA and Tukey-Kramer posttest as appropriate. Percentage data were arcsine transformed (arcsine of the square root of the value) prior to statistical analysis. A two-way ANOVA was used to determine whether sex and genotype factors significantly affected results for each end point analyzed in animals. Differences in symptom-free survival were analyzed using the Kaplan-Meier survival test and statistical significance determined using a Mantel-Cox log-rank test. Differences in IGF1R immunostaining was assessed using the immunohistochemical score (HSCORE) approach (42) . The HSCORE was estimated according to the equation, HSCORE ϭ ⌺Pi(I ϩ 1), where I represents the intensity of staining (0, no staining; 1, mild; 2, moderate; 3, intense), and Pi represents the percentage of cells within each staining intensity category. A minimal level of statistical significance for differences was defined as P Ͻ .05 and is indicated in figures with an asterisk. Analysis was performed using Prism version 5 software (GraphPad Software).
Results
Loss of ER␤ function decreases Med tumor growth
To determine whether ER␤ regulates Med tumor growth Ptch1
C/C Atoh1-cre ER␤ ϩ/ϩ and ER␤ Ϫ/Ϫ mice were derived ( Figure 1A ). The absence of ER␤ protein in Med tumors from ER␤ Ϫ/Ϫ Ptch1 C/C Atoh1-cre mice was confirmed ( Figure 1B) . Evident ER␤-like immunoreactivity was observed in tumors from the ER␤-WT Ptch1 Using a different Med mouse model characterized by later postnatal onset of symptomatic Med, which allowed testing of antiestrogen efficacy beginning at weaning while limiting potential confounds related to maternal effects of treatments during gestational or lactation periods of development, the therapeutic efficacy of ER inhibition by Faslodex was determined by assessing time to symptom onset in Ptch1 ϩ/Ϫ Trp53 Ϫ/Ϫ Med mice. Median symptomfree survival for vehicle treated controls was 35 days (M ϭ 35.3 days; SD ϭ 4.9; n ϭ 10). Faslodex treatment significantly (log rank Mantel-Cox P Ͻ .0001) delayed Med progression, with median symptom-free survival increased to 52 days (M ϭ 56.67 days, SD ϭ 8.6; n ϭ 9) ( Figure 1D ).
ER␤ loss-of-function is associated with increased apoptosis and decreased Bcl2 expression
Faslodex treatment resulted in a significant increase in the number of active caspase-3 immunopositive profiles in treated human D283Med xenografts [t (9) ϭ 4.625, P ϭ .0021] and Ptch1
.0022] (Figure 2A ). Compared with WT, a similar increase in caspase-3 staining was detected in tumors from ER␤ (Figure 2B) . The observed increases in apoptotic profiles were associated with a decreased expression of the antiapoptotic protein BCL2. Faslodex significantly decreased BCL2 expression in D283Med xenografts [t (7) ϭ 4. (Table 1) .
ER␤-induced changes in IGF1R expression and MAPK signaling
Similar to previous results from primary cultured cerebellar granule cells and the CNS PNET cell line PFSK1 (10, 14) , in serum-starved D283Med cells, 10 nM E2 induced a rapid 1.8-to 2-fold increase in phospho-ERK1/2 signaling that peaked 30 minutes after exposure ( Figure  4C ). Estradiol had no effect on AKT signaling, and IGF1R phosphorylation remained below detectable levels for up to 60 minutes after E2 exposure, suggesting that rapid E2 signaling in D283Med cells does not directly or indirectly involve the IGF1R ( Figure 4C ). 
All results are expressed as mean Ϯ SD. No significant differences between mean values for control and experimental groups were identified using a Student's t test; calculated P values are indicated above each set of bars.
In metabolically stressed D283 Med cells cultured for 24 or 48 hours in CSS that lacked supplemental glutamine, E2 or the ER␤-selective agonist DPN increased expression of IGF1R by 2.04-Ϯ 0.08-fold ( Figure  4D ). The increased expression of IGF1R was associated with a proportional 2.88-Ϯ 0.32-fold increase in the actin-normalized levels of phospho-IGF1R. Although neither E2 nor DPN treatment changed total ERK1/2 expression at either time point, E2 increased the levels of activated phospho-ERK1 by 2.28-Ϯ 0.08-fold and phospho-ERK2 by 2.66-Ϯ 0.32-fold at 24 hours. The response induced by DPN was more robust with phospho-ERK1, and phospho-ERK2 levels increased 4.56-Ϯ 0.19-fold and 5.90-Ϯ 0.21-fold compared with vehicle (Figure 4D) . At the 48-hour time point, phospho-ERK1 was increased by 2.39-Ϯ 0.36-fold by E2 and 3.19-Ϯ 0.11-fold by DPN, with similar 2.14-Ϯ 0.06-fold and 3.74 Ϯ -0.26 fold increases in phospho-ERK2 observed. At the 24-hour time point, phospho-AKT levels were comparable with control and became increased by 2.27-Ϯ 0.32-fold relative to vehicle-treated controls at the 48-hour time point.
Quantitative RT-PCR analysis of transcripts isolated from D283Med cells metabolically stressed by glutamine withdrawal for 48 hours confirmed that E2 or DPN significantly increased mRNA expression of IGF1R [F (3, 11) ϭ 12.69, P Ͻ .0021] and its ligand IGF1 [F (3, 11) ϭ 9.351, P Ͻ .0054] in D283Med cells ( Figure 4E ). Under these conditions the expression of IGF2 transcripts was not detected. Significant increases in BCL2 expression [F (3, 11) ϭ 26.96, P Ͻ .0002] and increased expression of the known estrogen-responsive gene lactoferrin [F (3, 11) ϭ 54.98, P Ͻ .0001] were also detected. Demonstrating a dependence on ER␤, these estrogen-induced increases in gene 
B). Insets show staining of vehicle treated and Esr2
ϩ/ϩ tumors incubated with normal serum. Quantitative HSCORE results for IGF1R-immunostaing is shown as mean Ϯ SD. Significant differences between mean values for control and experimental group were determined using a Student's t test. For D283Med xenograft groups, n ϭ 5 for vehicle and n ϭ 5 for Faslodex; Ptch1 ϩ/Ϫ Trp53 Ϫ/Ϫ , n ϭ 4 for vehicle, and n ϭ 4 for Faslodex. For Esr2 ϩ/ϩ Ptch1 C/C Atoh1-cre, n ϭ 6 and Esr Ϫ/Ϫ Ptch1 C/C Atoh1-cre, n ϭ 6. Scale bar, 50 m. Shown are representative results of time-course studies evaluating the temporal profile of ERK1/2, AKT, and IGF1R activation in D283Med cells exposed to 17␤-estradiol for up to 60 minutes (C) and with 24-and 48-hour exposures to 17␤-estradiol or DPN (D). Total and phospho-specific antigens were detected as indicated and equal loading of proteins were confirmed by simultaneous analysis for ␤-actin. Treatment times are indicated above each set of panels. Vehicle treated control groups (V) were treated with 0.01% DMSO for indicated times. E, Effects of ER agonists on IGF1, IGF1R, and BCL2 mRNA expression in D283Med cells. Analysis of quantitative RT-PCR analysis of IGF1R and BCL2 mRNA expression detected a 2-to 3-fold increases in the expression of IGF1, IGF1R, and BCL2 after 48 hours of exposure of D283Med cells to E2 or DPN. E2-induced increases in transcript levels were blocked by the ER␤ selective antagonist PHTPP. E2 and DPN also induced expression of the positive control estrogen-responsive gene lactoferrin. Significant differences between mean values for expression of each gene target were determined using an ANOVA and Tucky-Kramer posttest from at least three independent experiments. doi: 10.1210/en.2015-1141 press.endocrine.org/journal/endoexpression were blocked by the ER␤-selective antagonist PHTPP ( Figure 4E ).
ER␤-dependent mechanisms protect D283Med cells from metabolic stress-induced apoptosis
In D283Med cells metabolically stressed by glutamine withdrawal, significant increases in caspase-3 activity [F (2, 32) ϭ 9.487, P ϭ .0006] were first observed at 48 hours ( Figure 5A ) and was associated with decreased viable cell numbers ( Figure 5B ). The effects of glutamine withdrawal were reversed by 10 nM E2 or the caspase inhibitor Z-DEVD-fmk; Figure 5 , B and C). The protective effects of E2 or Z-DEVD-fmk alone were not augmented by coexposure to both compounds.
Increasing concentrations of E2 significantly and dose dependently decreased caspase-3 activity in glutamine withdrawal stressed Figure 5G) ; or the G proteincoupled estrogen receptor 1 (GPR30) agonist G-1 [F (3, 42) ϭ 0.5507, P ϭ .6505 ( Figure 5H) .
Migration, but not growth, of the PNET cell line PFSK1 was previously shown to be estrogen responsive (14) . Like D283Med cells, PFSK1 cell growth was sensitive to glutamine withdrawal-induced metabolic stress ( Figure 5I) Figure 5, I and J). The ER␣ selective agonist PPT had no effect on PFSK1 viability or caspase-3 activity.
Similar to previous findings in D283Med cells cultured in the presence of glutamine (8), 24 hours of treatment with E2 or DPN stimulated BrdU incorporation in cultures of D283Med cells lacking glutamine by 169% Ϯ 8% and 177% Ϯ 8% ( Figure 5K ). The ER␣-selective agonist PPT was without effect at the 24-hour time point. Whereas D283 Med proliferation was maintained in cultures supplemented with 5 mM glutamine through the entire 96-hour time course, the ER␤-mediated mitogenic response to E2 or DPN was transient and not observed at later times (48 -96 h) when increased caspase-3 activity and decreased cell viability were observed in cultures lacking E2 or DPN.
Confirming results observed with selective agonists, the inhibitory effects of E2 on caspase-3 activity were blocked by the nonselective ER antagonist ICI 182,780 [t (22) (Figure 6B ), whereas the ER␣ selective antagonist MPP had no effect [t (22) ϭ 1.408, P ϭ .1732] ( Figure 6C ). Involvement of prosurvival IGF signaling in mediating the protective effects of E2 in D283Med cells was investigated using antagonists of the IGF1R, MAPK kinase (MEK1/2) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K). Inhibition of the IGF1R with NVP-AEW541 [t (19) ϭ 3.136, P ϭ .0054] ( Figure 6D ) or MEK1/2 with U0126 [t (19) ϭ 2.598, P ϭ .0177] blocked the effects of E2 ( Figure  6E ). Neither the irreversible PI3K inhibitor wortmannin nor the reversible inhibitor LY294002 blocked the ability of E2 to inhibit caspase-3 activity ( Figure 6F ). These data demonstrate that the ER␤-dependent protective effects of E2 are dependent on increased IGF1R activity and MEK1/2 activation of the ERK1/2 signaling cascade but are independent of PI3K activation. 
Discussion
Estrogen-dependent breast cancers express functional ERs and respond clinically to SERMs that act by inhibiting ER transactivational activity (28, 30) . Tumors from the prostate, colon, lung, and CNS, although not estrogen dependent, are also estrogen responsive; however, the role of ER␤ in tumor progression is not clear (29) . Conflicting results have demonstrated that ER␤ can either stimulate or inhibit tumor proliferation and survival (43) (44) (45) (46) (47) (48) . The role of ER␤ in cancer etiology and progression likely depends on a variety of factors that may include whether ER␣ is coexpressed, which isoforms of ER␤ are expressed, and the subcellular localization of the expressed receptors (29, 31, 49) . We previously defined Med as an ER␤-positive and estrogen-responsive tumor whose growth and migration could be stimulated by E2 both in vitro and in vivo (8) .
The results of the studies presented here have defined in more detail the nature of tumor growth-promoting activity of E2 and ER␤ in Med. The long-term ability of E2 to increase tumor growth through ER␤-mediated changes in responsive gene expression in Med appears to result from mechanisms that decrease caspase-3 activity and protect Med cells from apoptosis. The tumor-promoting activity of ER␤ was most clearly demonstrated by the results of studies in the Esr2 Ϫ/Ϫ knockout Med mouse, in which the lack of ER␤ limited tumor growth, resulting in a 25% decrease in Med tumor growth rate (see Figure 1) . In vitro studies showing that E2 protected metabolically stressed Med cells through the activation of ER␤, effects that were independent of ER␣ or G protein-coupled estrogen receptor 1/GPR30, confirmed a mechanistic requirement for nuclear receptor activity of ER␤ in the observed cytoprotective actions of E2. The in vivo relevance of those pharmacological studies were further confirmed by complementary findings in different genetic models of Med that demonstrated decreased tumor growth resulting from pharmacological inhibition of ER activity, effects that were similarly associated with an increase in tumor cell apoptosis. In both models, the effects of ER␤ loss of function were associated with decreased IGF1R expression and decreased IGF-like signaling. Furthermore, the ob- served therapeutic efficacy of the antiestrogen drug Faslodex in the Ptch1 ϩ/Ϫ Trp53 Ϫ/Ϫ mouse model of Med, which more than doubled the symptom-free survival time after initiation of therapy, suggests that inhibition of ER␤ may be clinically beneficial for some Med patients. It is notable that the beneficial effects of Faslodex were observed even for treatments that were started relatively late at PND21. Without treatment Med symptoms were evident in untreated controls only 2 weeks later.
In apparent contrast to the results from our previous studies and those reported here, ER␤ activation has also been reported to decrease the incidence of Med in an ionizing radiation-induced Ptch1 ϩ/Ϫ mouse model of Med (11) (12) (13) . Those effects were attributed to estrogen activation of ER␤ causing a decrease in proliferation of preneoplastic lesions. A lack of this apparent anticarcinogenic effect of estrogen in that Med model was proposed to explain the increased incidence of Med in human males (1, 11) . As an alternative interpretation, the results of the studies presented here suggest instead that cytoprotective effects of estrogen mediated by ER␤ may have decreased the incidence of Ptch1 ϩ/Ϫ Med through mechanisms that effectively limited the inductive effects of ionizing radiation in GCPs (10, 50) . It is also notable that, unlike humans, Med incidence in the Ptch1 ϩ/Ϫ and Ptch1 ϩ/Ϫ Sufu ϩ/Ϫ mouse models of Med is greater in females than males (1, 51) . In the Ptch1 ϩ/Ϫ p53 Ϫ/Ϫ Med model used for some of our studies, only males develop Med. The male bias in this model does not arise from sex-specific effects related to Med but rather because homozygous disruption of p53 Ϫ/Ϫ causes female-specific embryonic lethality (39) .
Because of noted sex-specific differences between mouse models of Med and human, the appropriateness of their use for investigating the effect of sex on Med incidence is unclear.
The actions of estrogen and the IGF signaling pathways work in concert to elicit cytoprotection by mechanisms involving changes in estrogen-responsive gene expression. Direct ER binding at estrogen response elements or binding of transactivational complexes formed between specificity protein-1 transcription factors and ERs at half estrogen response element sites is responsible for the upregulation of the IGF1, IRS1, and IGF1R genes by estrogen (52) (53) (54) . The up-regulation of the IGF1, IRS1, and IGF1R genes by estrogen results in increased IGF pathway activity, and activation of AKT and ERK signaling pathways, which can each act as a primary mediator of increased cell survival (33, 34, 55) . The cytoprotective actions of IGF1 and increased IGF-signaling are also observed in GCPs (19, 56 -58) . During cerebellar development elevated expression of IGF1 increases GCP survival, whereas loss of insulin receptor substrate-2 results in reduced GCP proliferation and decreased cerebellar volume (59 -61) . Similarly, ER␤ is likely important in the developing cerebellar in which ER␤ expression is tightly regulated in developing neuronal precursors, and estrogen can regulate viability and migration of GCPs (9, 10, 15) .
The potential for involvement of IGF signaling in estrogen-mediated cytoprotective mechanisms prompted the investigation of involvement of IGF1R and downstream modulators in the potential mechanism responsible for the protective effects of E2 in Med cells. Our results demonstrated the inhibition of the IGF1R or MEK1/2, but not PI3K, blocked protective effects of E2 in Med cells and that E2 or the ER␤-selective agonist DPN increased expression of IGF1, IGF1R, and BCL2 mRNA. These findings suggest that the protective actions of estrogen in Med are dependent on ER␤, IGF1R, and ERK activity but not PI3K signaling. Those conclusions were supported in vivo by the observation of increased apoptosis in Med tumors treated with Faslodex and in ER␤-null tumors. Increased Med apoptosis coincided with decreased IGF1R expression, and importantly, activation of AKT and ERK, which are coordinately regulated by IGF1R, was also decreased in Med tumors treated with an ER inhibitor or those that had ER␤ knocked out. Expression of the prosurvival protein BCL2, whose expression is regulated downstream of IGF1R, was also decreased by ER inhibition or in the absence of Esr2.
The ability of E2 to increase IGF1R expression and signaling though ER␣ is well characterized in ER-positive breast cancers (32, 62) . In contrast to ER␣ ϩ breast cancer cells, estrogen appears to regulate IGF1R expression though ER␤ in Med. It is now appreciated that the relative expression of specific ER␤ splice variants and intracellular localization of the expressed receptors may influence breast cancer disease progression, which suggests that physiological responses of ER␤ to E2 may vary, depending on cellular context (32, 62) . Results of studies from ER␣-negative/progesterone receptor-negative (ER␣
MDA-MB-453 and MDA-MB-468 breast cancer cell lines found that ER␤ can increase proliferation and survival, suggesting that estrogen-dependent activation of ER␤ in the absence of the overriding effects of ER␣ may promote tumor growth (45) . Although there are relatively few studies examining the role of ER␤ in tumors like Med that typically lack ER␣, lung cancer stands as an example of another nonreproductive estrogen-responsive cancer that expresses ER␤ and not ER␣ (63) . Similar to Med, in human lung cancers, ER␤ and IGF1R expression levels are positively correlated, and increased levels of their expression are associated with a poor prognosis (64) . In ER␤-positive/ER␣-negative non-small cell lung cancer cells, E2 acts via ER␤ to increase IGF1R expression and signaling, and in a mouse model of lung adenocarcinoma, E2 promotes tumor development through this mechanism (64, 65) . It is notable that ER␣ is typically not expressed, or expressed at very low levels, in both Med and lung cancer in which the tumor-promoting effects of E2 increases IGF1R expression and signaling via ER␤, thus raising the possibility that ER␣ status might be a central determinant in defining the tumor growth potential of ER␤. Along with establishing a mechanism for estrogen's tumor-promoting actions in Med, results from this study also suggest that inhibition of ER␤ activity may be a useful strategy for treating Med. Current treatments for Med have resulted in an overall 5-year survival rate of greater than 70%, although survivors frequently suffer an array of life-long side effects associated with the therapeutic use of radiation and chemotherapy (2) (3) (4) (5) . Therefore, focus needs to be placed on the development of novel adjuvant therapies that can limit side effects of radiation or chemotherapy while increasing the cure rate of Med. Inhibitors of the cytoprotective actions of ER␤, either alone or in combination IGF1R inhibitors, or downstream inhibitors that target protective IGF1R signaling, may be useful adjuvants for this purpose. Although not a specific inhibitor of ER␤-mediated cytoprotection, the SERM tamoxifen can sensitize Med cells to the cytotoxic effects of etoposide (66) . Whereas further analysis is required, the effects of tamoxifen on the chemosensitivity of Med cells supports the potential utility for pharmacological inhibition of ER␤ to sensitize Med tumors to cytotoxic chemotherapeutics, an effect that could increase cure rates and limit side effects of current therapy. However, studies with Doay Med cells have found that loss of ER␤ function can decrease sensitivity to cisplatin by increasing Rad51-mediated DNA repair (14) . Along with supporting the need to understand in more detail the actions of estrogens in Med, those findings further highlight the fact that the actions of estrogens in these estrogen-responsive tumors may involve the integration of multiple estrogen-induced mechanisms. Although ER␤ selective agonists have been developed and evaluated in clinical trials for a variety of purposes, ER␤ selective antagonists that may prove most useful as adjuvants for treating Med are not available clinically (67, 68) . Whereas we demonstrated that the nonselective ER antagonist Faslodex is efficacious for limiting tumor progression in mouse models of Med and that benefits occur rapidly, long-term treatment with nonselective ER antagonists may not be therapeutically most useful because of their potential for causing nonspecific reproductive and developmental side effects through inhibition of other estrogenresponsive processes (69) .
In conclusion, the results of this study demonstrate clearly that ER␤ has cytoprotective actions that can increase Med tumor growth through a mechanism that likely involves cross talk with the IGF signaling pathway. Although an extensive literature supports an important role for IGF1R in mediating the reported effects of E2 in cerebellar granule cell precursors and medulloblastoma, study limitations do not fully exclude a potential involvement of insulin receptor-induced signaling. Further study is required to fully elucidate the nature of the mechanisms linking nuclear receptors and growth factor receptor tyrosine kinase receptor signaling and to determine how generalizable these cytoprotective mechanisms are across the different molecular class of Med, PNETs, and other ER␤ ϩ /ER␣ Ϫ cells and cancers.
